Blood samples from patients with viral hemorrhagic fever (VHF) pose a serious risk to laboratory workers. Current contingency plans for VHF samples recommend the use of heat, g-irradiation, or Triton X-100 to inactivate samples before handling. Malaria is the most important alternative diagnosis to be excluded in cases of suspected VHF. Interpretation of malaria smears using samples inactivated with these methods is problematic because morphology is altered. The objective of this study was to assess the impact of different inactivation methods on the performance of rapid diagnostic tests for Plasmodium falciparum. Triton X-100 and g-irradiation of samples preserved detection. The impact of Triton X-100 inactivation was also "blindly" evaluated using 100 blood samples from febrile travelers. Triton X-100 inactivation of samples did not significantly affect the performance of these tests. This may represent a useful strategy for excluding the diagnosis of falciparum malaria in cases of suspected VHF.
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Viral hemorrhagic fever (VHF) is a febrile illness associated with geographically restricted viruses, including Ebola, Marburg, Lassa, and Crimean-Congo hemorrhagic fever viruses [1, 2] . VHF is characterized by a high fatality rate and the potential for person-to-person transmission [1, 2] . There have been 15 outbreaks of filovirus-associated VHF reported in humans since 1967, including several cases imported into developed countries [3] [4] [5] . Importation of VHF will likely escalate as international travel between VHF-endemic and nonendemic areas continues to increase [2] [3] [4] [5] . Consequently, all countries have been urged to develop contingency plans for managing cases of suspected VHF [1] [2] [3] [4] 6] .
Transportation of an ill patient with VHF is poorly tolerated and may increase the potential for secondary transmission; therefore, recent contingency plans recommend that the patient be cared for at the nearest hospital with a suitable intensive care unit [2, 6] . Body secretions and excretions and blood and tissue specimens from patients with VHF contain virus and are highly infectious [1, 2, 6] . Health care and laboratory workers handling infected material are at risk of contracting VHF; a number of health care and laboratory workers have been exposed and ultimately died due to these infections [3] [4] [5] [6] [7] . In order to protect these persons, current recommendations are that serum or blood from a patient with suspected VHF be treated with heat, g-irradiation, b-propriolactone, or Triton X-100 to inactivate hemorrhagic fever viruses before handling [2, 6, [8] [9] [10] .
The most common cause of fever in travelers returning from the tropics and many VHF-endemic areas is malaria [2, 11] . Evaluation for this infection should not be delayed [2, 6] . Because parasite morphology is altered by the direct inactivation of blood by the above methods, blood smears must be made prior to such inactivation. Current recommendations indicate that blood smears are not infectious after fixation in solvents, but this fails to consider that these smears remain a biohazard during the process of preparation, handling, and drying [2, 6] . Furthermore, facilities for the safe handling of blood samples and preparation of smears, such as biosafety cabinets, are not routinely available in many parts of the world, where distinguishing malaria from early VHF may be a common diagnostic problem, particularly during an outbreak.
Several simple and rapid dipstick tests for the detection of Plasmodium falciparum have been developed. These assays are immunochromatographic tests that detect either circulating P. falciparum histidine-rich protein-2 [12, 13] or parasite lactate dehydrogenase enzyme (pLDH) (OptiMAL; Flow Laboratories, Portland, OR). The objective of this study was to evaluate the effect of different virus inactivation methods on the performance of these two classes of rapid diagnostic tests for P. falciparum. Downloaded from https://academic.oup.com/jid/article-abstract/178/6/1852/850274 by guest on 07 April 2019 Table 1 . Results of PATH and OptiMAL dipstick assays on 10-fold dilutions of P. falciparum (ITG line) in whole blood using different viral inactivation methods.
Dipstick test, inactivation method
No. of parasites (/mL) 50,000 5000 500 50
done. ND ϭ not a Sodium hypochlorite.
Materials and Methods
Samples. Two types of blood samples were evaluated: reconstituted specimens using 2 different isolates of P. falciparum and 100 whole blood samples obtained from febrile travelers returning from malaria-endemic areas (see below).
The 2 falciparum isolates used in the reconstitution tests were a laboratory clone (ITG line) and a patient isolate. These isolates were serially diluted in whole blood to give approximate final parasite concentrations of 50,000, 5000, 500, 50, and 5/mL.
Inactivation methods. On the basis of reported methods, serially diluted samples were inactivated as follows: 60ЊC for 60 min [9] , 0.1% Triton X-100 solution for 60 min [2, 6] , 3% acetic acid (1:100 dilution) for 15 min [8, 9] , 10% methanol solution for 30 min [14] , 10% formalin for 30 min [14] , 1% hypochlorite solution for 30 min [14] , and 0.02 MGy of g-irradiation [8, 9] . The girradiation source was a g cell containing 60 Co. The samples were kept on ice to prevent overheating. Uninfected negative control whole blood samples were included for all dilutions and all inactivation procedures.
PATH and OptiMAL dipstick tests. PATH (Program for Appropriate Technology in Health, Seattle) assays were performed as previously described [12] , using replicate samples that had been subjected to the viral inactivation methods. The OptiMAL test was performed according to manufacturer's instructions using aliquots of the same samples. The dipsticks were examined independently by 5 readers who were blinded to the microscopic result and to the method of inactivation. Results of each dipstick were read as either negative or positive, and positive results were given a semiquantitative value ranging from 1ϩ to 3ϩ based on majority agreement. Reconstitution and inactivation experiments were repeated at least three times with both dipstick assays.
Patient samples with and without inactivation with Triton X-100. Pretreatment blood samples ( ) from patients who n ϭ 100 presented to the Tropical Disease Unit at The Toronto Hospital from January 1995 to March 1996 with a history of fever and recent travel to a malaria-endemic area were evaluated. Malaria species identification was determined as previously described [12, 13] . On the basis of microscopic and polymerase chain reaction (PCR) results, 50 of these samples were positive for P. falciparum, 30 were positive for other malaria species (Plasmodium vivax, Plasmodium ovale, and Plasmodium malariae), and the other 20 were negative for malaria. The 100 samples were divided into two aliquots: one served as a control, and the other was treated with 0.1% Triton X-100 for 60 min. All samples were analyzed using the PATH dipstick assay and interpreted by a single independent reader who was blinded (as described above). Sensitivity and specificity of the PATH dipstick, with and without inactivation with Triton X-100, were calculated using PCR-based species identification [12, 13] as the reference standard.
Results
Acetic-acid and formalin inactivation yielded uninterpretable results with both assays and were not further evaluated. Results of the effect of the other inactivation methods on the detection of P. falciparum (ITG line) are shown in table 1. In a number of reconstitution experiments using untreated P. falciparum-infected whole blood, the PATH dipstick was five to ten times (0.5-1.0 log) more sensitive than the OptiMAL assay (table 1; data not shown). After inactivating ITG falciparum samples with g-irradiation, the PATH dipstick results were identical to those for the untreated control samples. However, inactivating the ITG samples with either methanol or Triton X-100 resulted in a 0.5-1.0 log loss of sensitivity using the PATH assay, and after treating with heat or sodium hypochlorite, only the samples with the highest parasitemia were positive by the PATH dipstick assay.
In contrast, treating samples with g-irradiation, Triton X-100, methanol, or sodium hypochlorite did not significantly reduce the sensitivity of the OptiMAL test. However, the heattreated samples were completely negative by the OptiMAL dipstick. Similar results were obtained using the patient isolate of P. falciparum (data not shown).
Results of the PATH dipstick in comparison to PCR-based species identification with and without sample inactivation with Triton X-100 are shown in table 2. The sensitivity and specificity of the PATH test without treatment were 94% and 96% and with inactivation were 90% and 98%, respectively ( ). The 3 untreated samples not detected by the PATH P ϭ 0.7 dipstick contained !40 parasites/mL. Two additional samples were not detected after inactivation with Triton X-100. These samples contained 420 and 1680 parasites/mL.
Discussion
In the diagnostic evaluation of a febrile traveler returning from a VHF-endemic area, it is essential to exclude falciparum malaria because it is the most common cause of fever in travelers returning from the tropics [2, 11] . In 1996, 2 children who had visited West Africa were admitted to a Bronx Hospital with fever. The emergency room was closed and biocontainment suits were used because of concerns of possible VHF due to Ebola virus. One of these children died, and subsequent blood tests demonstrated malaria in both children [15] . Similar diagnostic dilemmas are faced by physicians practicing in VHFendemic areas. In such situations, the ability to rapidly and safely inactivate blood samples and carry out an accurate test for P. falciparum would be extremely useful. In this study, we demonstrate that inactivation with Triton X-100 followed by a new rapid test for P. falciparum may be such a method. VHF viruses are lipid-enveloped viruses, which are among the most readily inactivated of all viral agents [14] . Studies have shown that pretreating blood or serum samples with heat, acetic acid, b-propriolactone, and g-irradiation can reduce the viruses to noninfectious levels [8, 9] . b-propriolactone is a less desirable alternative because of its lack of availability and its potential carcinogenicity [9, 10] . Triton X-100 is an efficacious agent with which to inactivate lipid-containing viruses, and it is recommended by the Centers for Disease Control and Prevention [6] . Viral inactivation of blood samples from patients with VHF is important because the samples are a serious health risk. In 1996, an ill physician was evacuated by aircraft from Gabon to South Africa. A nurse caring for him subsequently became ill and died. Ebola VHF was suspected and confirmed in the nurse and, retrospectively, in the physician [7] . In 1970, a nurse with Lassa fever was evacuated from Nigeria to New York City. During laboratory examination of her specimens, 2 scientists contracted Lassa fever, and 1 died [5] . Marburg virus and Ebola virus have been transmitted from monkeys to their handlers and laboratory workers on numerous occasions, resulting in several deaths [4, 5] . Furthermore, when an outbreak of VHF occurs in an VHF-endemic area, health care workers are at risk. In the 1995 Ebola outbreak in the Democratic Republic of Congo (formerly Zaire), 32% of the fatalities occurred among health care workers [3, 4] .
Because traditional malaria smears are uninterpretable after blood samples have been directly inactivated with the currently recommended methods (data not shown), rapid diagnostic dipstick tests represent an alternative method for identifying falciparum malaria. Two different antigen detection systems, in rapid dipstick format, are currently available for the detection of P. falciparum. One group (PATH, ParaSight-F [BectonDickinson, Cockeysville, MD], and ICT [ICT Diagnostics, Brookvale, Australia]) detect circulating P. falciparum histidine-rich protein-2 in whole blood. All 3 of these assays have been shown to be rapid and accurate for the detection of falciparum malaria and may outperform routine microscopy in many malaria-endemic and nonendemic areas [12, 13] . The OptiMAL dipstick utilizes a different target protein, parasitespecific LDH. In this study, we evaluated both classes of rapid tests for P. falciparum. The PATH dipstick was chosen as representative of the histidine-rich protein-2 dipsticks based on its performance characteristics and its predicted low cost. These characteristics suggest that, at present, this dipstick may be the most suitable for use in the developing world and in VHFendemic areas [12, 13] .
The results of this investigation indicate that treatment with Triton X-100 and methanol and g-irradiation are methods of inactivation that have little effect on the performance of the PATH and OptiMAL tests. g-irradiation is a less practical method of inactivation, since relatively few centers have ready access to g cells. When heat or sodium hypochlorite are used as the inactivation agents, only samples with relatively high parasitemia are detected.
No previous direct comparisons of histidine-rich protein-2-based rapid tests and pLDH-based tests have been reported. In this study, reconstitution experiments using untreated infected whole blood indicated that the PATH dipstick was more sensitive than OptiMAL for the detection of P. falciparum. However, both tests performed better on whole blood samples collected directly from patients than in reconstitution experiments [12] (data not shown). The loss of sensitivity observed with cultured isolates is likely due to the loss of culture supernatant (which contains histidine-rich protein-2 and pLDH) in the process of making appropriate dilutions of equivalent hematocrit.
It is important to confirm the results of reconstitution experiments using actual patient samples. Therefore, we undertook a blinded evaluation of 100 samples from febrile travelers returning from malaria-endemic areas. We chose Triton X-100 treatment as the method of inactivation based on its availability, low cost, and safety and chose the PATH dipstick based on its performance and predicted low cost (∼US$ 0.50/test). We show that Triton X-100 inactivation of patient samples did not have a significant effect on test sensitivity or specificity.
In conclusion, rapid dipstick tests can be used to diagnosis falciparum malaria after whole blood samples have been subjected to viral inactivation methods. Of those recommended, Triton X-100 appears to be the most practical and widely available. Directly inactivating blood samples with Triton X-100 followed by a rapid dipstick assay for malaria would be a use-ful strategy for excluding the diagnosis of falciparum malaria in patients with suspected VHF. This strategy may also be particularly suitable for countries where both malaria and VHF are present and health care workers face the diagnostic dilemma of distinguishing between them rapidly and safely.
